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ABSTRACT: Scanning electron microscopy, linear sweep voltammetry, chronoamperometry, and
in situ surface-enhanced Raman spectroscopy were used to investigate the electrochemical oxygen
evolution reaction (OER) occurring on cobalt oxide films deposited on Au and other metal substrates.
All experiments were carried out in 0.1 M KOH. A remarkable finding is that the turnover frequency
for the OER exhibited by ~0.4 ML of cobalt oxide deposited on Au is 40 times higher than that of bulk
cobalt oxide. The activity of small amounts of cobalt oxide deposited on Pt, Pd, Cu, and Co decreased
monotonically in the order Au > Pt > Pd > Cu > Co, paralleling the decreasing electronegativity of the
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that the as-deposited cobalt oxide is present as Co3O, but undergoes progressive oxidation to
CoO(OH) with increasing anodic potential. The higher OER activity of cobalt oxide deposited on Au is attributed to an increase in
fraction of the Co sites present as Co' " cations, a state of cobalt believed to be essential for OER to occur. A hypothesis for how Co™

cations contribute to OER is proposed and discussed.

1. INTRODUCTION

The splitting of water either electrochemically or photoelec-
trochemically has the potential to provide a sustainable source of
hydrogen for powering fuel cells, reducing CO, to fuels (e.g,
CH,, CH;0H), and removing oxygen from biomass.' > One of
the key drawbacks to making these processes viable on an
industrial scale is the inefficiency of available electrocatalysts
for the oxygen evolution reaction (OER). This critical step
occurs in acid via the reaction 2H,O — 4H" + 4e + O, and
in base via the reaction 4OH™ — 2H,0 + 4e + O,. The
inefficiency of the catalyst is expressed in terms of the over-
potential (77) required above the standard reaction potential
(1.23 Vat pH = 0) in order to achieve a desired current density.
Thus, to obtain a current density of 10 mA/cm?, an overpotential
of several hundred millivolts is often required. For this reason,
extensive efforts have been undertaken to identify catalysts with
low OER overpotentials.* " While the oxides of Ru and Ir are
considered to be the best OER catalysts for use in acid and base,
respectively, these metals are among the rarest elements on earth
and, hence, are not practical for large-scale applications. Cobalt,
on the other hand, is earth-abundant and both Co30, and the
substituted cobaltites M,Co5.,0, (M = Ni, Fe, or Cu) exhibit
good OER activity.**”'>'® For this reason, considerable effort
has been devoted to the understanding of the changes in
composition and structure of cobalt anodes as a function of
applied potential and the influence of these changes on the rate of
OER. Since Co and its oxides dissolve in acid, OER is performed
in base."* Upon electrochemical oxidation, metallic Co
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undergoes progressive oxidation to form Co(OH),, CoO,
Co30,, CoO(OH), etc."* "7 Cyclic voltammograms of Co
surfaces show an anodic peak at ~550 mV (vs Hg/HgO
reference) prior to the onset of oxygen evolution that has been
assigned to the oxidation of Co™ to Co™."”7?! This finding has
led to the suggestion that Co"" centers are required to catalyze
OER. Such a view has recently been reinforced by ex situ electron
paramagnetic resonance spectroscopy studies showing that the
population of Co" species in a molecular cobalt—phosphate
OER catalyst rises from 3 to 7% when the overpotential is
increased from 326 to 526 mV during water oxidation.”” It is
also noteworthy that metal cations in high oxidation states have
been proposed as active centers for OER catalysts based on the
oxides of Mn, Ni, and Ir.>*!*3%*

The preceding discussion suggests that the efliciency of cobalt
oxide as an OER catalyst could be enhanced by increasing the
population of Co'" centers present at the oxide surface. A
possible way to achieve this goal would be to deposit a thin layer
of cobalt oxide on the surface of a highly electronegative support
such as Au. In support of this idea, density functional theory
(DFT) calculations have shown that O binds more strongly to a
monolayer of Co deposited on Au than to pure Co alone.”
Hence, if chemisorbed oxygen is considered as a precursor to
cobalt oxide formation, Co deposited on Au should be easier to
oxidize than bulk Co. Further supporting this idea is a recent
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report showing that 31 nm-diameter hollow spheres of Co30,
containing 14 nm-Au core nanoparticles are 2-fold more active
for OER than equivalent particles of Co30,.>°

We report here the results of a systematic investigation of
oxygen evolution catalyzed by cobalt oxide deposited onto the
surface of electrochemically roughened Au. The structure of the
cobalt oxide was characterized by scanning electron microscopy
(SEM) and in situ surface-enhanced Raman spectroscopy
(SERS). The electrochemical activity of cobalt oxide deposited
on Au was determined from linear sweep voltammetry. To
evaluate the effect of the support, cobalt oxide was also deposited
onto Cu, Co, Pd, and Pt. The OER activity of a submonolayer of
cobalt oxide decreases in the order of CoO,/Au > CoO,/Pt >
Co0,/Pd > Co0O,/Cu > CoO,/Co. For comparison, OER
experiments were also carried out with bulk Au, Cu, Co, Ir, Pd,
and Pt electrodes. A remarkable finding of our work is that under
equivalent electrochemical conditions, the OER activity of a
~0.4 monolayer (ML) of cobalt oxide deposited on Au is roughly
three times higher than that of bulk Ir and forty times higher than
that of bulk cobalt oxide.

2. EXPERIMENTAL SECTION

Experimental details are given in Section S1 of the Supporting
Information. In brief, electrochemical measurements were performed
with a specially built Teflon cell designed for electrochemical studies and
in situ Raman spectroscopy. The cell contains a circular working
electrode (Au, Cu, Co, Ir, Pd, or Pt) with a geometric surface area of
0.79 cm”. A Pt wire served as the counter electrode, and Hg/HgO was
used as the reference electrode. Current—voltage curves were generated
using a galvanostat/potentiostat. Potentials are reported with respect to
the Hg/HgO reference electrode. The electrolyte used was 0.1 M KOH
(pH 13.00 =£ 0.05). Previous studies have shown that at this pH, Co does
not dissolve.'”?” In situ SER spectra of the electrodes were recorded
during linear sweep voltammetry scans using a confocal Raman micro-
scope coupled with a high numerical aperture water-immersion objec-
tive. A 633 nm laser was used to generate Raman spectra. The electrode
surfaces and compositions were also examined by scanning electron
microscopy (SEM) and energy dispersive spectroscopy (EDS). Prior to
investigation, the Au anode was roughened electrochemically.”® Cobalt
oxide was deposited galvanostatically onto the roughened metal sub-
strates from a cobalt nitrate/sodium acetate solution.?’ Cobalt oxide
layers of ~0.4, ~1, ~11, ~17, ~44, and ~87 ML (ML = monolayer
equivalent, see Section S1 of Supporting Information) were deposited
using anodic charges of 75, 170, 1900, 3000, 7500, and 15000 uC,
respectively.

3. RESULTS AND DISCUSSION

3.1. Characterization of Cobalt Oxide Deposited on Gold.
Figure 1 shows SEM images of roughened Au anodes deposited
with increasing larger amounts of cobalt oxide. The images of
clean Au and one that is coated with ~0.4 ML cobalt oxide
(Figure 1a and 1b) are very similar in appearance. Well-defined
nanoparticles are observed with diameters of 50—200 nm. As the
thickness of cobalt oxide increases, the appearance of the Au
nanoparticles becomes progressively hazy (Figure 1c and 1d).
This phenomenon is attributed to the presence of the noncon-
ducting cobalt oxide deposited uniformly over the Au surface.
This effect is most clearly seen in Figure 1e, for which the deposit
corresponds to ~87 ML cobalt oxide. In this case, the cobalt
oxide shell is 25 nm thick. Energy dispersive spectroscopy (EDS)
performed on the sample position (marked with the white X)
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Figure 1. Scanning electron micrographs of electrochemically rough-
ened Au surfaces coated with (a) ~0.4 ML of cobalt oxide, (b) ~0.4 ML
of cobalt oxide (a higher magnification of Figure 1a), (c) ~44 ML of
cobalt oxide, and (d) ~87 ML of cobalt oxide. (e) A higher magnifica-
tion of Figure 1d reveals that each Au nanoparticle is surrounded by a
cobalt oxide halo of ~25 nm. (f) The energy dispersive spectrum taken
at the spot marked with the white X in Figure 1(e).

confirms the presence of cobalt (Figure 1f). EDS-elemental
analysis maps showed that the cobalt oxide was uniformly
distributed across the Au support, and no evidence for the
formation of cobalt oxide islands was found in any of the SEM
images collected (Section S2 of the Supporting Information).
For deposits of more than 1 ML, the as-deposited cobalt oxide
was identified as Co3;O, (Section S3 of the Supporting
Information).

3.2. Oxygen Evolution Reaction Activity of CoO,/Au. The
oxygen evolution activity of Au anodes with various thicknesses
of cobalt oxide was measured in 0.1 M KOH. Similar measure-
ments for pure Co and Au electrodes were also performed.
Figure 2a shows linear sweep voltammetry (LSV) curves of the
~0.4 ML cobalt oxide/Au (black trace), pure Au (blue), and
pure Co (red). A theoretical curve (dotted) constructed by
simple addition of currents contributed by pure Au and the
equivalent of ~0.4 ML of cobalt oxide, corresponding to 6.98 x
10'* surface Co atoms, is also included. This curve is an
approximation to the anodic currents that would be obtained
assuming that Au does not affect the OER activity of the
adsorbed cobalt oxide, and vice versa. The large difference in
anodic currents of this curve compared with that for ~0.4 ML
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Figure 2. (a) Experimental linear sweep voltammetry curves of the
~0.4 ML cobalt oxide/Au system, pure Au (electrochemically deter-
mined surface area = 2.9 cm?, surface Au atoms = 4.4 x 10"*) and pure
Co (34.6 cm?, surface Co atoms = 2.1 X 10"°) electrodes in 0.1 M KOH.
The curves are scanned at 1 mV/s. A theoretical curve composed of a
linear addition of currents taken from pure Au (blue trace) + amount of
current that would be contributed by 6.98 x 10'* surface Co atoms
(derived from the red curve) is also included. (b) A plot of turnover
frequencies of the different cobalt oxide/Au electrodes (evaluated at a
potential of 700 mV) vs the number of monolayers of cobalt oxide
present. The TOFs for pure Co and Au are also included in this plot.

cobalt oxide/Au clearly shows that Au does affect the activity of
the deposited cobalt oxide.

The OER activities of the different electrodes were evaluated
at a potential of 700 mV (# = 351 mV). The currents obtained at
this potential were converted to turnover frequencies (TOFs)
(Section S4 of the Supporting Information). The TOF plotted as
a function of the number of monolayers of cobalt oxide molecules
deposited on Au is shown in Figure 2b. The TOFs for pure Co
and Au are also included in this plot. It should be noted that the
TOF is calculated on the basis of number of surface Co or Au
atoms for all cases, except for ~0.4 ML and ~1.0 ML cobalt
oxide/Au, for which the total number of deposited cobalt atoms
were used.

It is evident that the TOFs of the cobalt oxide/Au electrodes
decrease rapidly as the thickness of the cobalt oxide deposit
increases. The ~0.4 ML cobalt oxide/Au sample exhibits the
highest TOF, ~1.8 s~ ', which is more than 1 order of magnitude
higher than that for ~87 ML of cobalt oxide/Au, 6 x 10 *s .
The TOF for Au is 7 x 10> s~ " and that for pure Co is
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Figure 3. In situ Raman spectra of (a) Co surface, (b) Au, (c) ~0.4 ML
cobalt oxide/Au, and (d) ~87 ML cobalt oxide/Au in 0.1 M KOH. All
the spectra were collected in real time during linear sweep voltammetry
scans at 2 mV s~ . The acquisition times for the surface-enhanced and
normal Raman spectra are 5—6 and 1S5 s, respectively.

50 x 107% s, in good agreement with values reported
previously, 6.0 x 10 >s ' t0 2.0 x 10~ s~ ".* It is also noted
that the TOFs for ~87 ML of cobalt oxide/Au and bulk Co are
virtually the same, which demonstrates that the electrochemical
behavior of a thick cobalt oxide layer deposited on Au is similar to
that of a bulk Co electrode.

3.3. In Situ Raman Spectroscopy of CoO,/Au. The in situ
Raman spectra of Au, Co, and Au on which ~0.4 ML and ~87
ML of cobalt oxide were deposited are shown in Figure 3. All
spectra were acquired in 0.1 M KOH during a linear voltammetry
scan from 0 to 1.0 V. For a pure Co surface, peaks are observed at
197, 485, 620, and 691 cm ' at 0 V (Figure 3a). These features
are respectively assigned to the F,, Eg, 5o, and Ay, vibrational
modes of spinel-type Co3;0,4, which is expected to be thermo-
dynamic stable in 0.1 M KOH at 0 V.'**%*! The sharp peak at
505 cm ™' is ascribed to CoO(OH), based on the observation of a
similar peak in the Raman spectrum of bulk CoO(OH).**** The
formation of Co™ oxide on the surface of Co;0, is consistent
with the interpretation of electrochemical data made by Conway
and Liu.*® As the potential is raised toward 0.7 V, the potential at
which OER occurs, the peaks belonging to Co30, gradually
attenuate and two new features appear at 503 and 565 cm™ .
These two bands are ascribed to CoO(OH)."”?%** Spectra were
also collected at >0.8 V using a long working distance objective
because O, bubbling prevented the use of the more efficient
water-immersion objective. The spectrum obtained in this case
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(see Figure SS) resembles that taken at 0.7 V, but exhibits an even
sharper band at 503 cm™'. These results indicate that under
conditions of OER, the surface of a Co electrode is covered
largely by CoO(OH). No evidence was found for a well-defined
Co"Y oxide phase. The coexistence of Co™ and Co" has been
reported, though, based on in situ Mossbauer spectroscopy
observations of Co polarized at a 7 = 318 mV for OER>**
Additionally, in situ X-ray absorption near-edge structure spec-
troscopy (XANES) characterization of a cobalt water oxidation
catalyst deposited from a cobalt phosphate solution has shown
that as the potential was raised to alevel above the onset for OER,
the apparent oxidation state of Co increased to above 3+.%

In the case of a Au anode, oxide formation was not observed
for potentials <0.2 V (Figure 3b). The elevated spectral back-
ground is associated with high SERS activity exhibited by the
metal surface and can be attributed to photons emitted during
the annihilation of inelastically scattered localized surface
plasmons.>” At 0.4 V, a feature appears at ~559 cm™ ', which
blue shifts with increasing potential to ~574 cm ™. This feature
is assigned to the Au—O stretching vibration of Au oxide.”® The
blue shift in the frequency of this band with increasing potential
has been observed previously in our own studies and those of
Weaver et al.”®3*

For ~0.4 ML of cobalt oxide deposited on Au, a sharp band at
609 cm ™" was observed at 0 V (Figure 3c). As the potential was
increased, the entire band monotonically red-shifted to
579 cm™ ', suggesting that most if not all of the surface species
are oxidized collectively (otherwise a doublet would have been
observed). This band is ascribed to presence of dispersed CoO,
species on the surface of the Au anode. Interestingly, no feature
was observed for AuO,, which is what would have been expected
if the Co were present as small particles rather than being
uniformly distributed. The attribution of the band at
579—609 cm ™" to cobalt oxide is supported by the observation
of afeature in this region for CoO, highly dispersed on the zeolite
ZSM5.* The increase in the vibrational frequencly at higher
potentials is attributed to the oxidation of the Co" and Co™
toward Co'" and is supported by the following observations: In
situ Raman studies of the electrochemical oxidation of LiCoO, to
Li; ,CoO, have shown that as Li is progressively removed and
the oxidation state of Co increases toward 4+, the Raman bands
of LiCoO, at 596 cm™ ' (x = 0) red-shifts to 572 cm ™' (x =
0.6).*° The Raman band of CoO,, species deposited in an O,/Ar
plasma has also been found to decrease from 597 to 530 cm ™' as
the mole fraction of O, in the plasma increased.*" The assign-
ment of the band at 579—609 cm™ ' to other forms of cobalt
oxides, e.g., CoO, Co(OH),, CoO(OH), Co30,, can be ruled
out because the spectra of these oxides do not contain bands in
this range.’>*" Similarly, this feature cannot be assigned to the
v(Au—O0) of Au oxide because the frequency of the latter shifts
to higher values with increasing potential.

The Raman spectrum of a Au anode containing ~87 ML of
cobalt oxide exhibits features that are similar to those seen in the
spectra of bulk Co and of Au onto which ~0.4 ML cobalt oxide
had been deposited (Figure 3d). At 0V, the principle bands are
those assignable to Co;0,4. Progressive electrochemical oxida-
tion results in the oxidation of Co30, to CoO(OH) (503 cm™1).
The feature appearing at 579 cm ™ is attributed to CoO, species.
In accordance with the discussion above, the CoO, must lie
adjacent to the Au substrate (verified by the strong intensity of its
579 cm ' band as result of SERS enhancement from the
proximate Au substrate).*

The possibility that the $79—609 cm™ ' band is due to residual
species in the plating solution from which Co oxide was electro-
deposited can be ruled out, since the electrode was washed
thoroughly after cobalt oxide deposition. This is further verified
by comparing the frequency of this band with those of cobalt nitrate
and sodium acetate (Section S6 of Supporting Information).

3.4. OER Activity of CoO,/M (M = Au, Pt, Pd, Cu). The
mechanism for the electrochemical oxidation of water at a Co
anode in base is not fully understood. Nevertheless, the general
consensus is that with increasing anodic potential, the surface of
Co undergoes progressive oxidation, and that Co'" species,
formed at potentials where oxygen evolution occurs, are essential
intermediates in the evolution of O,."” ' These conclusions
suggest that the enhanced OER activity of cobalt oxide deposited
on Aumay be due to an increase in the oxidation of the deposited
oxide caused by the Au. In support of this interpretation we note
that since Au is the most electronegative transition metal, it could
act as an electron sink to facilitate the oxidation of Co™ and Co™
in cobalt oxide to Co'". Evidence for the transfer of electronic
charge from SnO, to Au has also been observed by X-ray
photoelectron spectroscopy of a Au@SnO, core/shell catalyst,
which was shown to be more active for the oxidation of CO than
SnO, alone.*® Another indicator that the deposition of Co on Au
can promote the oxidation of Co comes from quantum chemical
studies, which have shown that O atoms are more stron§ly bound
to a monolayer of Co deposited on Au than on Co.”>** This
effect has been attributed to the tensile strain exerted by the Au
support on the Co overlayer, which causes the d-band center of
Co to increase in energy and in turn the Co—O binding energy.

To evaluate the above hypothesis, the OER activity was
measured for 75 C of cobalt oxide deposited onto Au, Pt, Pd,
and Cu anodes. This is equivalent to ~0.4 ML for the Au surface.
The OER activities of pure Au, Pt, Pd, and Cu were also
measured for comparison. Since it is not possible to roughen
all the surfaces to the same degree, only mechanically polished
metal surfaces were used. The LSV curves of the pure metal
substrates were measured from 0 to 1 V. They were then reduced
potentiostatically and rinsed in water, after which 75 #C of cobalt
oxide was deposited galvanostatically onto the surface of each
metal. The LSV curve was then remeasured in 0.1 M KOH.

As seen in Figure 4, deposition of 75 uC of cobalt oxide onto
Pt, Pd, and Cu resulted in a higher OER activity than that
measured on the bare metal (the data for the Au system are
similar to those shown in Figure 2a and therefore are not
included in Figure 4). The only exception was Co, for which
deposition of 75 uC of cobalt oxide had no effect on the OER
activity of Co observed in the absence of the deposit. This
experiment assured that the changes in faradaic currents were not
artifacts arising from residual Co plating solutions.

The TOFs for OER at an applied potential of 700 mV for 75
uC of cobalt oxide deposited on Au, Pt, Pd, Cu, and Co are
compared in Figure 5. The TOF in each case was determined in
the same manner as that done for cobalt oxide deposited on Au
(Section S4 of Supporting Information). Also shown in this
figure are values of the electronegativity for each metal and the
Co—O0 binding energy for a monolayer of Co deposited on each
metal.”® The TOF for oxygen evolution clearly depends on the
composition of the metal supporting the cobalt oxide deposited
and decreases in the order Au > Pt > Pd > Cu > Co. It is also
evident that the TOF decreases with decreasing electronegativity
of the underlying metal and with the binding energy of the
Co—O bond.
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Figure 4. Linear sweep voltammetry curves of various metal electrodes
in 0.1 M KOH. The scans are taken at 1 mV/s. A blow-up of the LSV
curves of Co is included. The dotted line marks 700 mV.

It is also interesting to compare the TOFs of all the anodes
investigated in this study. The results presented in Table 1 were
obtained under identical conditions. For reference, we have
included the TOF for pure Ir (see Section S7 of Supporting
Information), since this metal has been reported to be the most
active for the OER in basic electrolyte.”> Our measurements of
the TOFs for metal anodes show that the activity decreases in the
order Ir > Co > Pt > Pd > Cu > Au. This qualitative trend agrees
with previously published studies.**~*° For example, at 77 = 350
mV, the current density of Ir in 25% KOH has been reported to
be approximately 10-fold higher than that of Pt.>® This ratio is
consistent with that seen in Table 1 for Ir compared to Pt. Table 1
also demonstrates that ~0.4 ML of cobalt oxide deposited on Au
is about three times more active than pure Ir, and that activities
comparable to that of Ir can be achieved for 75 uC of cobalt oxide
deposited on Pt and about 1.0 ML of cobalt oxide deposited on
Au.

To assess the stability of the cobalt oxide-modified Au
electrode, chronoamperometry measurements were performed
on the ~0.4 ML cobalt oxide/Au electrode at 0.75 V over 18 h
(see Section S8 of Supporting Information). For comparison,
similar measurements were made on Co, Au, and Ir electrodes.
The steady-state OER current density of the ~0.4 ML cobalt
oxide/Au electrode was found to be highly stable and shows no
sign of degradation even over 18 h. Thus, the results of the
present investigation indicate that submonolayer deposits of
cobalt oxide on Au are superior catalysts to Ir for the electro-
chemical evolution of O, in basic electrolyte and are stable with
prolonged use.
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Figure S. A histogram plot of the turnover frequencies of 75 uC cobalt
oxide deposited on smooth Au, Pt, Pd, and Cu. The value for Co is also
included. The electronegativity of the underlying support as well as the
oxygen binding energies of the O—Co/M are also plotted out.

As noted earlier, the cumulative evidence from the literature
suggests that OER occurs on a cobalt oxide layer formed on the
surface of metallic Co and that under conditions of OER the
oxide is best described as OER-inactive CoO(OH)-containing
OER-active Co" cations.'”**~*° The formation of CoO(OH) is
well supported by the in situ Raman spectra reported here. While
direct evidence for Co" cation was not found in the present
study, we attribute the enhanced activity of thin cobalt oxide
layers deposited on Au to the role of Au in facilitating the
oxidation of Co, thereby raising the concentration of Co'
cations present at the cobalt oxide surface at a given applied
potential.

To address the question of why Co'" cations are needed to
enable OER, it is useful to consider the reaction mechanism
shown in Figure 6, which has been adapted from the work of
Lyons and Brandon for Co and Nerskov and co-workers for
RuO, and TiO,."*' In this scheme, reaction begins with the
adsorption and discharge of OH ™ anion at the anode surface to
form adsorbed OH species (reaction 1). This step is followed by
the reaction of OH with the adsorbed OH species to produce
H,O and adsorbed atomic O and the release of an electron
(reaction 2). The third step in the sequence (reaction 3) involves
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Table 1. Average Turnover Frequencies at 700 mV of the
Various Metal Electrodes Studied in This Work

amounts of cobalt average turnover

substrate oxide deposited frequency (s™)
roughened Au substrate ~0.4 ML cobalt oxide 1.81
~1.0 ML cobalt oxide 0.68
~11 ML cobalt oxide 0.43
~17 ML cobalt oxide 0.44
~44 ML cobalt oxide 0.14
~87 ML cobalt oxide 0.063
metal substrate 75 uC cobalt oxide/Au 1.24
75 uC cobalt oxide/Pt 0.55
75 uC cobalt oxide/Pd 0.22
75 uC cobalt oxide/Cu 0.10
Ir N.A. 0.64
Co N.A. 0.047
Pt N.A. 0.033
Pd N.A. 0.024
Cu N.A. 0.015S
Au N.A. 0.0071
| + o — [loH + & )

I—OH + OH —> I—O + ¢ + H,0 (2
|—0 + oH — —O0OH + 3)
|—OOH + OH —»>

o, —

Figure 6. A schematic diagram depicting the mechanism for electro-
chemical oxygen evolution reaction on cobalt oxide/Au. The cobalt
oxide (gray) overlayer is above the Au support (gold).

|—0, + ¢ + H0 ¥

| + o ®)

the reaction of an OH™ anion with an adsorbed O atom to form
adsorbed OOH species, which then undergo reaction with
additional OH™ anions (reaction 4), resulting in the formation
of adsorbed O, and H,O and the release of an electron. Adsorbed
O, then desorbs in the last step of the sequence (reaction S). The
rate-limiting step is hypothesized to be reaction 3. We postulate
that Co"" cations enhance the electrophilicity of the adsorbed O,
thereby facilitating the formation of O—OH via nucleophilic
attack by an incomirrl§ OH™ anion with an O atom associated
with Co'. The Co'" cations are also likely to promote the
deprotonation of the OOH species, via electron-withdrawing
inductive effect, to form O,.

4. CONCLUSION

A combination of scanning electron microscopy, linear sweep
voltammetry, chronoamperometry, and in situ surface-enhanced
Raman spectroscopy was used to investigate the oxygen evolu-
tion reaction (OER) occurring on the surface of cobalt oxide
supported on various metal substrates. The turnover frequency
(TOF) for the OER occurring on a submonolayer of cobalt oxide
deposited on Au (~1.8 s~ ") is nearly 40 times higher than that of
bulk Co (~0.05 s~ "), and decreases monontonically to that of
bulk Co as the thickness of the cobalt oxide deposit increases. For
oxide deposits of more than 1.0 ML, Raman spectroscopy shows

that as-deposited cobalt oxide is present as Co304. With increas-
ing anodic potential this compound is oxidized to CoO(OH). It
is observed as well that for similar amounts of cobalt oxide
deposited on Pt, Pd, Cu, and Co, the TOF for the OER decreases
monotonically in the order Au > Pt > Pd > Cu > Co. A further
finding of this study is that the activity of 0.4 ML cobalt oxide
deposited on Au is nearly three times higher than that of Ir under
identical reaction conditions. The enhancement in electroche-
mical activity of cobalt oxide deposited on Au is attributed to the
increase in surface Co'" population as a result of enhanced
oxidation of the cobalt oxide mediated by the Au support. To our
knowledge, this work provides the first systematic study of how
metals can be used to enhance the activity of metal oxide for the
electrochemical evolution of oxygen.
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